ABSTRACT: In normal subjects and patients with airway obstruction, flows during a forced vital capacity (FVC) manoeuvre are higher after a fast inspiration without an end-inspiratory pause (manoeuvre 1) as compared to a slow inspiration with an end-expiratory pause of ~5 s (manoeuvre 2). In this study, we investigated the influence of these manoeuvres on maximal expiratory volume-time and flow-volume curves in patients with restrictive lung disease.
Previous studies have shown that in normal subjects [1] [2] [3] , and patients with chronic obstructive pulmonary disease (COPD) [4] and asthma [3] , the peak expiratory flow (PEF), forced expiratory volume in one second (FEV1), and maximal expiratory flow at different lung volumes (MEFx) are significantly higher if the forced vital capacity (FVC) manoeuvre is performed after a rapid lung inflation without an end-inspiratory pause (manoeuvre 1) than after a slow inspiration with a 4-6 s end-inspiratory pause (manoeuvre 2). This time dependence of the FVC manoeuvre is probably mainly caused by differences in lung recoil due to viscoelastic behaviour (stress relaxation) of the pulmonary tissue and time constant inequality within the lung [1] [2] [3] [4] [5] . These results dictate standardization of the inspiratory time history prior to the FVC manoeuvre.
The previous studies were performed in patients in whom the elastic recoil of the lung was normal or reduced. Since, in patients with restrictive lung disease the lung elastic recoil increases, the magnitude of the stress relaxation phenomena of their lungs should be enhanced. Therefore, in the present study, we have investigated the effect of the two aforementioned inspiratory manoeuvres prior to FVC on the maximal expiratory volumetime (tFVC) and flow-volume (MEFV) curves in a group of patients with restrictive lung disease. The studies were performed using a pneumotachograph, as most clinical and many research laboratories conventionally use these instruments to obtain pulmonary function measurements.
Materials and methods
The subjects were 11 patients (nine males) with restrictive lung disease. Five had idiopathic pulmonary fibrosis, two sarcoidosis, two pneumoconiosis, one chronic extrinsic allergic alveolitis, and one fibrosing alveolitis secondary to systemic sclerosis. Their anthropometric characteristics are given in table 1. All patients were in a stable clinical and functional state receiving their usual medication, and were recruited from the respiratory outpatient clinic. All patients refrained from any drug on the day before testing. All had previous experience with respiratory manoeuvres and were nonsmokers. Their pulmonary function data, which were obtained in the respiratory function laboratory, are shown in table 1. Forced spirometry was measured with a flow-sensing spirometer (Spiroanalyzer ST-300; Fukuda Sangyo, Tokyo, Japan). The total lung capacity (TLC) and its subdivisions were assessed by the helium dilution method, and carbon monoxide transfer factor (TL,CO) by the single breath-hold method (Spiroanalyzer ERS-1500; Fukuda Sangyo, Tokyo, Japan). The predicted spirometric values, static lung volumes, and TL,CO are from the European Coal and Steel Community [6] . The study had the approval of the hospital's Ethics Committee and informed consent was obtained from all patients.
During the study, flow (V') was measured at the mouth, through a heated (30°C) screen pneumotachograph (Screenmate; Erich Jaeger Gmbh & Co., Höchberg, Germany). The response of the pneumotachograph, which was calibrated at the above temperature with rotameters, was linear over the range of flows used. The calibration factor was corrected for the fall in temperature (6-7°C) of the expired air on passing through the cooler pneumotachograph [7, 8] . The flow signal was sampled at a rate of 200 Hz, using a data acquisition system with a builtin 16-bit analogue-to-digital converter (AT-Codas; DATAQ Instruments, Inc., Akron, OH, USA) controlled by a computer (Toshiba T5200/100; Toshiba Inc., Tokyo, Japan). Volume (V) was obtained by numerical integration of the flow signal after careful correction for drift. The resulting tFVC and MEFV curves were used for subsequent analysis. This is common practice in most lung function laboratories, though it has been pointed out that, as a result of gas compression during the FVC manoeuvre, the MEFV curves should actually be measured with a body plethysmograph [9, 10] .
Procedure
The patients were studied seated with a nose clip on. Each patient performed two types of FVC manoeuvre: 1) after a fast inspiration (flow>0.7 L·s -1 ) without an end-inspiratory pause (manoeuvre 1), and 2) after a slow inspiration (flow<0.3 L·s -1 ) with an end-inspiratory pause lasting 4-6 s (manoeuvre 2). No special instructions were given by the experimenter during the performance of the manoeuvres except to urge the patients to continue hard exhalation for as long as possible. All manoeuvres were initiated from resting end-expiratory lung volume functional residual capacity (FRC). On the same day, they performed a series of such FVC manoeuvres in random order at a comfortable frequency, i.e., one every 2-3 min during 2-3 sessions lasting 5-10 min. All FVC manoeuvres chosen for subsequent analysis fulfilled the American Thoracic Society (ATS) guidelines [11] .
To minimize variations of the MEFV curves [12] : 1) the first two manoeuvres were disregarded, thus making the volume history of the subsequent curves about the same [2, 4] ; 2) care was taken to keep the neck at a fixed neutral position [13] ; 3) each subject maintained similar duration of maximal expiratory effort [2, 4] ; and 4) all subjects were studied at approximately the same time of day [12] .
To characterize the manoeuvres for each test, the following variables were assessed: 1) the expiratory reserve volume (ERV) from which inspiration started; 2) the duration of inspiration (tI); 3) the mean inspiratory flow (VT/tI); and 4) the duration of end-inspiratory pause (tp). The variables characterizing the two manoeuvres are presented in table 2.
For both manoeuvres, at least three FVC curves were obtained that fulfilled the ATS criteria [11] . The largest FVC and FEV1 values were recorded after examining the data from all the acceptable curves, even if they did not come from the same curve. The highest instantaneous flows (PEF, maximal expiratory flow at 75, 50 and 25% of FVC (MEF75, MEF50 and MEF25, respectively) and forced expiratory flow between 25% and 75% of FVC (MMEF)) were measured from the single curve that met the acceptability criteria and exhibited the largest sum of FVC plus FEV1 ("best" test) [11] .
Statistical analysis
Values are reported as mean (±SD). The average values of the various variables were compared using the paired student t-test. A p-value of less than 0.05 was taken as statistically significant. Linear regression analysis was performed using the least squares technique. Results Figure 1 shows the fast (manoeuvre 1) and slow (manoeuvre 2) MEFV curves obtained in a patient. During manoeuvre 1 the flows were higher than during manoeuvre 2. The mean values of PEF, FEV1, FEV1/FVC, MMEF, MEF25, MEF50 and MEF75 of the 11 patients were significantly higher with manoeuvre 1 than 2 (table 3, figs. 2 and 3) . In almost all instances the values of these variables were higher with manoeuvre 1 than 2 (figs. 2 and 3). Only one patient had a higher ratio of FEV1/FVC with manoeuvre 2 than 1.
There was no significant correlation between the percentage change of PEF, FEV1, and MMEF obtained with the two different manoeuvres and FVC, TLC, FEV1 of predicted value, or FEV1/FVC, residual volume (RV)/ TLC, FRC/TLC(%), and TL,CO % pred.
Discussion
In the present study we found that, in patients with restrictive lung disease, the values of PEF, FEV1, and maximal flows were significantly higher with manoeuvre 1 (rapid inspiration without end-inspiratory pause) than with manoeuvre 2 (slow inspiration with end-inspiratory pause). This has not been reported previously for patients with restrictive lung disease. Similar results have been found in normal adults [1, 2] , COPD [4] , and patients with asthma [3] .
On average, the absolute difference in PEF between manoeuvres 1 and 2 was similar to that found in COPD but lower than in asthmatic patients and normal subjects (table 4) . However, when change in PEF (∆PEF) was expressed as a percentage during the slow manoeuvre (PEFslow), the changes in the restrictive patients were close to those of normals and asthmatics, but markedly lower than in COPD. Similar results were also found in terms of change in FEV1 (∆FEV1) expressed as a percentage of FEV1 during the slow manoeuvre (table 4). ) and manoeuvre 2 (slow; ). The fact that the values of ∆PEF/PEF from the slow manoeuvre and ∆FEV1/FEV1 from the slow manoeuvre found in the patients with restrictive lung disease were similar to those of normal subjects can probably be explained as follows. Though in patients with restrictive lung disease there is an increase in static elastic recoil pressure of the lung (Pel,st,L) at any given thoracic gas volume, their static P-V curves, normalized by plotting Pel,st,L against percentage vital capacity (%VC), are in general close to normal. If the viscoelastic properties of the lung are also normal at any given lung volume expressed as %VC, one would expect a normal decrease in lung elastic recoil, and hence in maximal flow (V 'max) between the fast and slow FVC manoeuvres, in patients with restrictive lung disease.
There are several mechanisms that could explain the higher values of PEF, FEV1, MMEF and MEF25, MEF50 and MEF75 observed in our patients with manoeuvre 1 relative to 2: 1) Differences in TLC. This is an unlikely mechanism as the values of FVC and ERV were essentially the same in the two manoeuvres (table 2 and 3), indicating that the patients inspired to the same TLC. In addition, care was taken with manoeuvre 2 to maintain a constant lung volume during breath holding at TLC. 2) Differences in expiratory effort. In the present study there was no direct or indirect measurement of expiratory effort. It is possible that part of the differences in PEF and flows in the early effort-dependent part of the FVC curve was due to greater activation of expiratory muscles [2] [3] [4] . MMEF and instantaneous flows are also effort dependent. However, if the expiratory efforts were higher during manoeuvre 1 than 2, the values of MMEF and other flows should be lower with manoeuvre 1 as a result of greater thoracic gas compression. In contrast, our data support the notion that the opposite is true (table  3) . In addition, although FEV1 is much less dependent on effort than had been originally thought [14] , provided that the FVC manoeuvre fulfils the ATS criteria [15, 16] , it is also significantly different. Consequently, while the increase in PEF could, in part, be related to greater expiratory muscle activation, muscle activation alone is unlikely to explain the higher FEV1, MMEF, and MEF25, MEF50 and MEF75 found with manoeuvre 1 [2] [3] [4] . 3) Time constant inequality within the lungs. With manoeuvre 1 the fast units of the lung should be preferentially filled and the expiratory flow would be expected to be higher than with 2, whilst the long inspiratory pause may cause volume redistribution towards the slow units [5] . However, the differences in PEF and FEV1 persisted after administration of a bronchodilator (salbutamol) in the asthmatic patients [3, 17] . This suggests that the time dependency of these parameters is not due to time constant inequality and bronchomotor tone, but rather to global loss in elastic recoil during the breath hold at TLC [2] [3] [4] 17] , reflecting the stress relaxation properties of the respiratory system [18, 19] . It should be noted that while the changes in elastic recoil pressure of the chest wall (Pel,w) between manoeuvres 1 and 2 should affect the flow only during the early effort-dependent part of FVC, the concomitant changes in Pel,L should affect the flow at all lung volumes. Indeed, according to a simple model [18, 19] that can mimic to some degree the mechanical behaviour of the respiratory system, the elastic recoil pressure of the respiratory system during a forced exhalation should be higher with the fast than the slow manoeuvre. 4) Gas compression artifacts. In line with everyday practice and numerous previous studies, volume was obtained by integration of the flow signal, and therefore the MEFV curves were based on spirometric FVC. Differences in thoracic gas compression may explain, at least in part, the differences between the manoeuvres. To avoid such errors, volume should have been measured with a body plethysmograph [9, 10] . However, time dependency of FVC manoeuvres were also observed in previous studies [2, 4] in which volume was assessed plethysmographically.
The difference in gas composition during manoeuvres 1 and 2 in exhaled air may have negligible impact on our data as FVC is similar between the fast and slow manoeuvres [20] (table 3) .
Changes in balance between airway and parenchymal hysteresis may not substantially contribute to the reported differences in flows and volumes since Pel,L appears to be the only factor of paramount importance.
In conclusion, the present data indicate that in patients with restrictive lung disease, dynamic lung volumes and maximum flows during the forced vital capacity manoeuvre depend on the pattern of the preceding inspiration. Thus, the forced expiratory spirogram and the maximal expiratory flow volume curve are not single fixed curves, but rather there is a family of different curves which are time-dependent [2] [3] [4] 17] , This observation is clinically important because if measurement of the highest potential flow is desired, then a fast inspiration to total lung capacity without an end-inspiratory pause (manoeuvre 1) should be used. In addition, when comparing serial data in an individual patient, it is imperative that the same approach be used [6, 11, 12] . These results clearly dictate that the inspiratory manoeuvre prior to forced vital capacity must be standardized. 
